A PCR-based technique using molecular beacons was developed to detect the chloroquine resistanceassociated pfcrt K76T point mutation in Plasmodium falciparum. One hundred thirty African clinical isolates were tested by the new method in comparison with the PCR-restriction fragment length polymorphism method. This rapid and inexpensive genomic assay could expand the possibilities for monitoring chloroquine resistance.
and in a short amount of time, it appeared of interest to apply the molecular beacon technique to the detection of the pfcrt K76T mutation. Molecular beacons are hairpin-shaped probes that undergo a spontaneous fluorogenic conformational change when they hybridize to the sequence of a target DNA or RNA molecule (8, 16, 17) . A fluorophore and a quencher group are covalently attached to each end of an allele-specific oligonucleotide. This brings the fluorophore and the quencher in close proximity, so that fluorescence cannot occur in the absence of the target. When the probe encounters a target molecule, a hybrid is formed that is more stable than the hairpin structure of the isolated probe, resulting in the separation of the fluorophore and quencher and the restoration of fluorescence. This study describes the development and evaluation of a new method of detection of the pfcrt K76T mutation which can be easily used for epidemiological studies.
One hundred thirty clinical isolates of P. falciparum, having parasite densities ranging from 80 to 7,100 trophozoites/l, were obtained in 2000 and 2001 from malaria-infected travelers returning to France from mostly African countries. Parasite DNA was extracted from venous blood as previously described (6) . The amplification was performed on 2 l of DNA solution by a PCR assay which was developed in order to obtain an amplicon of 199 bp centered on codon 76. The primers used were synthesized based on the published full-length pfcrt sequence of P. falciparum (clone DIV30) (GenBank accession no. AF233064) and with the use of Primer 3 software (Steve Rozen and Helen J. Skaletsky, 1996, 1997; Primer 3 code available at http://www.genome.wi.mit.edu/cgi-bin/primer/ primer3.cgi). To genotype the alleles, two molecular beacons were designed, one specific for the K76 wild-type allele and 5Ј labeled with a green fluorophore (fluorescein) and the other specific for the K76T mutant allele and 5Ј labeled with a red fluorophore (tetramethylrhodamine). Both oligonucleotides were 3Ј labeled with the quencher 4-(4Ј-dimethylaminophenylazo)benzoic acid (DABCYL). The PCR conditions were as follows. A mixture of 15 pmol each of sense primer 5Ј-TTTA GGTGGAGGTTCTTGTC-3Ј, hybridizing to positions 170 to 190 of the pfcrt gene, and antisense primer 5Ј-AATAAAGTT GTGAGTTTCGGA-3Ј, hybridizing to positions 368 to 348; 200 M concentrations of each deoxynucleoside triphosphate; buffer (15 mM Tris-HCl [pH 8.0], 50 mM KCl, 6 mM MgCl 2 ); 2.5 U of ampliTaq Gold DNA polymerase; and 10 pmol each of fluorescein-5Ј-GCGACGTGTAATGAATAAAATTTTTG GTCG-3Ј-DABCYL (wild-type beacon) which hybridizes to positions 283 to 303 of the gene pfcrt, and tetramethylrhodamine-5Ј-GCGACGTGTAATTGAAACAATTTT GTCGC-3Ј-DABCYL (mutant beacon) (Eurogentec, S.A., Seraing, Belgium), which hybridizes to positions 283 to 301 of the pfcrt gene of isolates originating from Southeast Asia and Africa, was incubated in a 50-l volume for 7 min at 95°C followed by 40 reaction cycles (95°C, 40 s; 52°C, 40 s; 72°C, 40 s). A further step was added to enable the final hybridization of the probes (95°C, 2 min; 53°C, 6 min; 20°C, 2 min). After completion of the PCR, sealed tubes were placed on a 96-well Costar microplate in a Fluostar 403 (BMG Labotechnologies GmbH) spectrofluorometer. Fluorescence measurements were carried out at an excitation wavelength of 480 nm, an emission wavelength of 520 nm for fluorescein, and emission wavelengths of 544 and 590 nm for tetramethylrhodamine. For each well, a ratio was calculated as previously described (4) .
The determination of the thresholds was previously done on known samples of a limited series (data not shown). K76T mutant isolates had a ratio of Ͻ0.70, and K76 wild-type isolates had a ratio of Ͼ2.90. Between these two values were those for mixed isolates (K76-K76T). For comparison, the same isolates were processed blindly in a PCR-RFLP method according to the following conditions: 17 l of the 199-bp amplified DNA fragments was incubated with 0.5 U of the restriction enzyme ApoI (New England Biolabs) at 50°C for 8 h according to the manufacturer's protocol. PCR products with the wild-type codon were cleaved into two fragments (126 and 73 bp) by ApoI, as PCR products with the mutant allele were not cut. Following enzymatic digestion, the PCR products were separated by 3% agarose gel electrophoresis. Eighty isolates displayed the K76T mutation, either alone (n ϭ 40) or in mixed isolates (n ϭ 40); 50 isolates had the K76 codon alone (wild type). For all isolates, results obtained with the fluorescent method ( Fig. 1) were consistent with the data of the PCR-RFLP assay.
To validate the thresholds further, a study of artificial mixtures of the clones 3D7 (wild-type allele) and W2 (mutant allele) was performed. P. falciparum clones 3D7 and W2 were originally obtained from D. Walliker (University of Edinburgh, Edinburgh, Scotland, United Kingdom). Stock cultures of 3D7 and W2 clones were grown as previously described (14) . Cultures having a parasitemia of 1% were mixed in order to have the following W2/3D7 ratios: 1:1, 1:10, 1:50, 1:100, 1:1,000, 10:1, 50:1, 100:1, and 1,000:1. For all ratios, results were obtained from simultaneous assays based on triplicate determinations. The ability of the fluorescent method to detect minority clones appeared identical to that of the PCR-RFLP method (Table 1) .
Molecular beacons have been already used for mutation detection with humans (8) and with various microorganisms such as Mycobacterium tuberculosis or retroviruses (11, 18) . The main advantages of the technique are well known. Unlike the previously used methods that create the risk of contaminating untested samples by the handling of the amplified DNA, the amplicon detection by molecular beacons is carry out in a hermetically sealed tube. This avoids the possibility of having false-positive signals. Results are obtained very rapidly because there is no electrophoresis step, and the cost is relatively low. The present study confirmed the absolute specificity of the interaction of molecular beacons with their target strands. Results were perfectly matched with those obtained on the same isolate by PCR-RFLP. A high sensitivity was also observed. In particular minority alleles whose presence was equal to or greater than about 10% were detected by the study of artificial mixtures. The molecular beacon technique has already been applied successfully to the detection of the dihydrofolate reductase S108N mutation in P. falciparum (4) . With different fluorophores and a multiplex PCR assay (18), the simultaneous determination of the dihydrofolate reductase 108 and pfcrt 76 alleles could be performed in a single sealed reaction tube. Automated mutation detection with molecular beacons is currently under development and may result in methods suitable for high-throughput analysis (13) .
Among the eight point mutations described for pfcrt resistance alleles, we chose codon 76 as the target of the probes because pfcrt K76T was always reported in resistant isolates originating from all four resistance foci which are known today, i.e., the focus in Southeast Asia that has spread into Africa, the two foci in South America, and the focus in Papua New Guinea (19) . However, due to the polymorphism in codons 74 and 75 reported for resistance alleles from South America and Papua New Guinea, the present test is not suitable for isolates originating from these areas.
Drug-resistant malaria represents today a major health care concern in countries where malaria is endemic. Making therapy and prophylaxis policies requires current and comprehensive data on resistance. The limitations of available in vivo and in vitro methods for monitoring resistance highlight the need for developing molecular assays. Today, molecular markers are used in many studies focusing on malaria drug resistance (10, 19) . The molecular surveillance of CQR may rely on the determination of the proportion of the pfcrt alleles of a population in a given geographical area. Results may provide a rationale for considering the withdrawal of chloroquine as a firstline treatment of uncomplicated malaria. Conversely, in areas where the shift to sulfadoxine-pyrimethamine has been done, a decrease of the proportion of CQR isolates could lead to a reintroduction of chloroquine, maybe in combination with another drug. The rapid and inexpensive genomic assay that is now available to detect the pfcrt K76T mutation could expand the possibilities for monitoring resistance. 
